T here is growing evidence that outdoor temperature is a major determinant of the observed seasonal fl uctuations in blood pressure (BP) with higher and lower BP in winter and summer, respectively. 1 -6 An inverse association between ambient temperature and BP has been observed in several studies.
Hypertension
July 2013 measurements, and outcome assessment are explained in the onlineonly Data Supplement and also described previously. 13 
Weather Data
The monthly average weather data for the West of Scotland were obtained from the UK meteorologic offi ce ( www.metoffi ce.gov.uk ). The UK meteorologic offi ce provides monthly average data sets of 13 climate variables that were generated for the periods 1961 -2000 using a consistent analysis method. Values were produced for each station in the meteorologic Offi ce ' s observing network and for a 1 × 1 km grid of points covering the United Kingdom. 14 The data generated for the West of Scotland region, available free of cost for research purposes, were used in the current study.
Subject Visit Classifi cation by Weather Conditions
Each clinic visit of the patient was mapped to the mean monthly weather (air frost, mean temp, sunshine, and rainfall) of the West of Scotland from meteorologic data. The mean monthly weather variables were categorized into quartiles. Further analyses were restricted to pairs of consecutive clinic visits within a 12-month period where the weather alternated between 2 extreme quartiles or remained in the same quartile. Thus, 3 groups were generated, Q 1 -Q 4 , where the fi rst visit weather variable was in the lowest quartile (Q 1 ) and the subsequent visit in the highest quartile (Q 4 ); Q 4 -Q 1 , where the fi rst visit was in the highest weather variable quartile (Q 4 ) and the second visit in the lowest quartile (Q 1 ); Q n -Q n , where both the fi rst and the second visits were in the same weather variable quartile. All the clinic visits of each patient were thus classifi ed throughout the entire follow-up period. Thus, BP changes in relation to weather changes were calculated every year, making these calculations specifi c for the weather conditions of the annual time-frame and BP control status of the patient in the same time frame.
Statistical Analysis
The baseline characteristics of the subjects were compared by independent t test for continuous variables and χ 2 test for categorical variables. The traits analyzed were the percentage change in systolic BP, diastolic BP (DBP), and heart rate (HR) between 2 consecutive clinic measurements ≥ 30 days apart but within a 12-month period. The upper limit of time interval between each pair of BP measurements was 6 months.
The direction and magnitude of ∆ BP ( ∆ HR) in Q n -Q n were considered the weather independent effect on BP ( ∆ HR) between 2 visits and can refl ect intrinsic BP ( ∆ HR) variability and effect of clinic interventions on BP ( ∆ HR). The ∆ BP ( ∆ HR) values within each year were considered as paired measurements and were compared using paired t tests.
Subjects were categorized into 2 groups based on the direction and magnitude of response in the Q 1 -Q 4 /Q 4 -Q 1 groups compared with Q n -Q n. The 2 groups included a concordant response (same direction of response in Q n -Q n and Q 1 -Q 4 /Q 4 -Q 1 ) group and a discordant response (opposite direction of response in Q n -Q n and Q 1 -Q 4 /Q 4 -Q 1 ) group. The former group was termed the temperature, sunlight, or rain nonsensitive, and the latter group was termed the temperature, sunlight, or rain sensitive. Generalized estimating equations were used to model the longitudinal change, during the fi rst 5 years of follow-up, in BP and HR in the weather-sensitive and weather-nonsensitive groups after adjustment for baseline variables. Kaplan -Meier survival and Cox proportional hazards models were set up to analyze differences in survival between the weather-sensitive and weathernonsensitive groups. The covariates included in the Cox proportional hazards models were baseline age, sex, body mass index, smoking status, systolic BP (SBP) or DBP, alcohol use, tobacco use, estimated glomerular fi ltration rate, and cardiovascular comorbidity.
Because this is a real-life clinic setting, our strategies to ensure that the BP differences observed were over and above treatment-related BP changes included the following: (1) using pairwise BP differences obtained within a 12-month period, (2) using Q n -Q n BP change as the reference indicating the treatment-induced change in BP within the 12-month period, (3) restricting each pairwise comparison with the same 12-month period, and (4) using generalized estimating equations in temperature-sensitive and temperature-nonsensitive individuals to show the BP changes were over and above the expected annual treatment -induced changes in BP.
Results

Baseline Characteristics of the Cohort
The characteristics of the study cohort are presented in Table 1 . More than half (53%) of the participants were women. The sample was middle aged (mean age, 51 years) and overweight (mean body mass index, 28 kg/m 2 ). The average duration of follow-up was 6.5 ± 5.8 years, during which BP changes in relation to weather fl uctuations were analyzed. Twenty-eight percentage of patients attained target BP of < 140/90 and maintained it at that level for ≥ 1 year.
Effect of Weather Conditions on BP
Trends in BP change by weather patterns (air frost, mean temperature, sunshine, and rainfall) are presented in Table 2 , and annual SBP change by temperature is shown in Figure 1 . There were 16 411 to 19 049 pairs of consecutive visits in the Q n -Q n group, 3115 to 6656 in the Q 4 -Q 1 group, and 3916 to 6445 pairs of consecutive visits in the Q 1 -Q 4 group.
Q n -Q n showed an average of 2.1% (95% confi dence interval [CI], 1.9 -2.3), 2.2% (95% CI, 2.0 -2.4), 1.7% (95% CI, 1.5 -1.9), and 2.2% (95% CI, 2.0 -2.3) drop in SBP for air frost, temperature, rainfall, and sunshine, respectively. Similar drop in DBP was also observed for each weather variable. Q 4 -Q 1 showed an average 2% increase in BP in response to temperature (2.1; 95% CI, 1.6 -2.6) and sunshine (2.3; 95% CI, 1.9 -2.6), but air frost and rainfall showed no signifi cant difference. Q 1 -Q 4 showed an average 1.4% (95% CI, 0.9 -1.8) and 0.8% (95% CI, 0.5 -1.1) increase in BP in response to air frost and rainfall, respectively. The temperature response of BP in Q 1 -Q 4 was inconsistent across different years.
Using the BP response in Q n -Q n as the reference trait, the differences in BP response to weather variation were assessed using paired t tests ( Table 3 ) . Compared with Q n -Q n , the change from the highest to the lowest quartile (Q 4 -Q 1 ) elicited a 6% rise Intraindividual differences in BP response between Q n -Q n and Q 1 -Q 4 (change from the lowest to the highest quartile of weather) showed 2.0% to 6.6% increases in SBP for air frost, temperature, rainfall, and sunshine, which were statistically signifi cant. For DBP, similar statistically signifi cant responses were seen for temperature, rainfall, and sunshine ( Table 3) .
Effect of Weather Variation on HR
HR did not show any signifi cant intraindividual differences for any weather pattern (Table 3) .
Longitudinal Outcomes by Response to Weather Changes
Tables S1 to S3 in the online-only Data Supplement present the sample characteristics stratifi ed according to the SBP response to temperature, sunshine, and rainfall. There were no major differences in baseline characteristics between study groups.
Generalized estimating equation analyses performed for longitudinal BP change, during the fi rst 5 years of followup after adjustment for all conventional covariates, showed a 4/2 mm Hg annual decrease in SBP/DBP, which refl ects the average effect of treatment in the clinic aimed at lowering BP.
Comparing Q n -Q n with Q 4 -Q 1 , temperature-sensitive individuals (discordant response between Q n -Q n and Q 4 -Q 1 ) had a 2.68 mm Hg SBP rise (95% CI, 0.61 -4.75; P =0.01) and 1.84 mm Hg DBP rise (95% CI, 0.78 -2.91; P =0.001) longitudinally > 5 years compared with the temperature-nonsensitive subjects after adjustment for all baseline covariates ( Table 4 ) . Similarly, a 1.31 mm Hg SBP rise (95% CI, -0.25 to 2.87) and a 1.22 mm Hg DBP rise (95% CI, 0.42 -2.01) were observed for sunlight.
Comparing Q n -Q n with Q 4 -Q 1 , temperature-sensitive individuals (discordant SBP change between Q n -Q n and Q 4 -Q 1 ) showed a 1.85 mm Hg SBP rise (95% CI, 0.24 -3.46) longitudinally > 5 years for temperature, and 2.04 mm Hg SBP rise (95% CI, 0.82 -3.27) for sunlight in comparison with temperature-or sunlight-nonsensitive individuals after adjustment for baseline covariates (Table 4) .
Kaplan -Meier survival analyses ( Figure 2A ), temperaturenonsensitive individuals (Q n -Q n versus Q 4 -Q 1 ) showed longer CI indicates confi dence interval; DBP, diastolic blood pressure; HR, heart rate; n, number of pairs of BP measurements; and SBP, systolic blood pressure. ( Table 5 ) . A similar effect was seen for sunshine. No signifi cant difference was observed for Q n -Q n versus Q 1 -Q 4 .
Discussion
In this study, we show for the fi rst time the magnitude of change in BP attributable to changes in weather between sequential clinic visits of treated patients with hypertension. The results for temperature and sunshine were similar, whereas those for rainfall were in the opposite direction to temperature. The BP response to temperature observed in our study is consistent with the fi ndings of other observational studies. For example, in asymptomatic individuals every 10 ° C decrease in the minimum temperature was associated with a 1.85 and 1.18 mm Hg increase in SBP and DBP, respectively. Individuals with ≥ 3 annual BP readings are included in the GEE analyses. GEE analyses is adjusted for age, sex, body mass index, smoking status, alcohol use status, eGFR, chronic kidney disease status, and year of blood pressure assessment. CI indicates confi dence interval; DBP, diastolic blood pressure; eGFR, estimated glomerular fi ltration rate; GEE β , generalized estimating equations regression coeffi cient; n/N=number of groups/number of observations; Q1 -Q1, consecutive visits in the same weather conditions; Q4 -Q1, consecutive visits in contrasting weather conditions (high-low); Q1 -Q4, consecutive visits in contrasting weather conditions (low-high); and SBP, systolic blood pressure.
by guest on July 11, 2017 http://hyper.ahajournals.org/ Downloaded from BP changes with temperature in similar magnitude have been observed in other cohorts as well. 8 , 15 , 16 We also show that the effect of temperature on BP varies between individuals and, based on response, patients can be classifi ed as either temperature sensitive or temperature nonsensitive. We show that temperature-sensitive individuals have a higher follow-up BP and poorer survival compared with temperature-nonsensitive individuals. To our knowledge, this is the fi rst time that weather parameters, such as temperature, sunshine, and rainfall, have been shown to be determinants of BP changes in the population. However, only temperature response was an independent predictor of mortality, emphasizing the prognostic role of temperature changes.
There are several physiological explanations for the effect of temperature on BP. Cold exposure activates the sympathetic nervous system, which, in turn, increases the activity of the renin -angiotensin system. 17 The renin -angiotensin system suppresses endothelial NO synthase expression and decreases NO production, 18 which contributes to the development of cold-induced hypertension. The renin -angiotensin system also mediates the cold-induced increase in endothelin-1 production, 11 a potent regulator of vascular tone and BP. Cold exposure upregulates endothelin-A but downregulates endothelin-B receptors and mediates the thermoregulatory vasoconstriction. The Pressioni Arteriose Monitorate E Loro Associazioni (PAMELA) study showed that summer -winter differences in BP were seen not only in normotensive subjects, but also in untreated and treated subjects with hypertension, indicating that weather is a powerful determinant of BP variability (BPV). 6 Other mechanisms postulated to account for the BP increase in cold weather include alterations in skin vasomotor tone, resulting in a marked increase in vascular peripheral resistance; decreased sweating and, therefore, salt loss, increasing the load of sodium on the kidneys, thus, further contributing to the increase in BP; increased norepinephrine and epinephrine concentrations in plasma and urine accompanying the BP increase during the cold season; increased erythrocyte deformability and blood viscosity, a major determinant of systemic vascular resistances; a reduced intensity in ultraviolet light during winter has been shown to reduce the epidermal photosynthesis of vitamin D3 and parathyroid hormone, which was shown in turn to be associated with elevated BP levels. HRs are adjusted for age, sex, alcohol use, smoking status, estimated glomerular fi ltration rate, chronic kidney disease status, and baseline systolic blood pressure. CI indicates confi dence interval; Cox-PH, Cox proportional hazards; DBP, diastolic blood pressure; HR, hazard ratio; Q1 -Q1, consecutive visits in the same weather conditions; Q4 -Q1, consecutive visits in contrasting weather conditions (high-low); Q1 -Q4, consecutive visits in contrasting weather conditions (low-high); and SBP, systolic blood pressure. Our fi nding that temperature-sensitive individuals have higher mortality is in line with current data on visit-tovisit BPV, which is associated with increased mortality. 23 -25 It is diffi cult to determine whether the high risk seen in temperature-sensitive individuals is attributable to BPV or to the physiological mechanisms activated in response to temperature changes. There is evidence for both mechanisms. Temperature infl uences BPV, 26 and BPV has an impact on survival. 27 In summer, a reduction in cardiovascular mortality has also been observed with a reduction in the occurrence of stroke in patients with hypertension. 28 -31 The cardiovascular morbidity and mortality associated with seasonal changes may be mediated through BP response to temperature changes. In a study conducted among 1222 consecutive individuals who sought medical consultation in hypertension outpatient clinics, lower ambient temperature was associated with increased aortic pulse pressure and poor subendocardial viability ratio. 32 Low environmental temperature has been strongly associated with increased hospital admissions for acute myocardial infarction, stroke, and higher cardiovascular mortality. 33 , 34 The strengths of the current study include the following: a large cohort of ≈ 16 000 adults with hypertension, > 169 000 clinic visits, the availability of repeat BP measurements, 35 years of follow-up for mortality with median survival time of 32 years, and the ability to link clinic visits with mean monthly weather changes. Although the previous studies compared the BP changes recorded in different subjects in different seasons, we have compared changes in the same individual. We were strictly limited to analyze the weather-related variables in their range observed in the region of West of Scotland and the availability of informative BP data based on clinic visits occurring in the right sequence with each weather condition.
-22
Our study has limitations. We have used the average of 2 clinic BP measurements obtained under indoor clinic conditions. This is likely to have underestimated the weather effects on BP. Also ambient conditions in clinic will be different from those at work and at home for each patient. We are also limited by the unavailability of ambulatory BP monitoring or home BP readings to correlate out of offi ce BP with clinic BP measurements and their response to weather conditions. Ambulatory BP monitoring would offer a more reliable assessment of the actual effect of changing weather conditions on daily life BP, including the separate assessment of weatherinduced changes on daytime and nighttime BP. 6 , 26 Although we used BP measurements within a 12-month period, the limitation of studying a real-life cohort of patients is the absence of a fi xed interval for assessment of BP, because BP changes over a longer period of time may be signifi cantly infl uenced by seasonal weather changes in contrast to BP changes over a shorter period of time. The age-related increase in BP and the effect of other baseline variables may confound longitudinal assessment of BP response to temperature, despite our strategy to use BP difference within each year. We have not been able to study the role of antihypertensive agents in modulating the BP response to weather changes because of incomplete prescribing data available for this analysis. Furthermore, we did not have reliable physical activity data to include in our models. Finally, our study cohort comprised treated patients with hypertension, and the results may not be generalizable.
Perspectives
Response to weather (especially temperature) can be refl ected in BP and is specifi c to the individual. BP response to temperature may be one of the underlying mechanisms that determine long-term BPV. Knowing a patient ' s BP response to weather can help reduce unnecessary antihypertensive treatment modifi cation, which may in turn increase BPV and, thus, risk. It remains to be established whether BP response to temperature or BPV is the causal determinant of increased risk, or whether it is the underlying autonomic function status of the individual that is causal and BPV is just a refl ection of this.
What Is New?
• The effect of temperature on blood pressure varies between individuals and, based on response, patients can be classifi ed as either temperature sensitive or temperature nonsensitive. Temperature-sensitive individuals have a higher follow-up blood pressure (BP) and poorer survival compared with temperature-nonsensitive individuals.
What Is Relevant?
• Intraindividual BP change in response to ambient temperature may identify patients with hypertension at high risk.
Summary
Response to weather (especially temperature) can be refl ected in BP and is specifi c to the individual. Individuals with temperaturesensitive BP are at higher risk of early death. It remains to be established whether BP response to temperature or BP variability induced is the causal determinant of increased risk. 
Study Population
The Glasgow Blood Pressure Clinic (GBPC) provides secondary and tertiary level service to individuals with hypertension from the West of Scotland. All patients referred to the BP clinic had a diagnosis of hypertension made in primary care using definitions of hypertension based on contemporaneous guidelines and if appropriate treatment commenced in primary care. All patients were treated at GBPC until their BP control was stabilized with continuing follow-up at the BP clinic or in primary care. The frequency of visits to GBPC mainly depended on individual patient BP levels and presence of other co-morbidities. The West of Scotland research ethics service (WoSRES) of National Health Service approved the study in GBPC database (11/WS/0083).
Clinical Measurements
The GBPC employs specialist hypertension nurses who are experienced and highly trained in BP measurement. The procedure required subjects to rest for 5 minutes in a seated position before BP was manually measured using standardized mercury sphygmomanometers. Three BP measurements were performed, one minute apart, and the mean of the second and third measurements was recorded. Blood pressure was measured consistently in the same arm for each patient at every visit. No assessment of inter-arm BP difference was possible as the data was not available in the database. Heart rate was measured over one minute manually. Patients attending the clinic were advised to take their regular medications as usual. Each patient attended the same clinic, therefore at each visit their BP measurement would occur in the same 3 hour time window either in the morning or afternoon. Consumption of food and drink, and level of physical exertion before each clinic appointment, could not be controlled. Drug substitution, addition and dose adjustment occurred during follow-up and in accordance with clinical guidelines.
14,15 Prescribed medications were cross checked with patients at each clinic visit, and they were advised to comply with their treatment at all times. However formal concordance testing was unavailable.
Outcome Assessment
Record linkage with the General Register Office for Scotland ensured notification of a subject's death (provided that it occurred in the United Kingdom) together with the primary cause of death according to the International Classification of Diseases, 10th Revision, Version for 2007 (ICD-10) codes. We considered cardiovascular deaths (CVD mortality; ICD-10 codes I00-I99), ischemic heart disease deaths (IHD mortality; ICD-10 codes 120-I25), and stroke deaths (stroke mortality; ICD-10 codes I60-I69) in the analysis. Deaths other than due to cardiovascular causes are classified as non-CVD deaths. Mortality data were collected up to April 2011 allowing a maximum of 35 years for participants who had been under follow up for the longest time. 
